A recent experimental study (Phys. Rev. Appl. 9, 024023, 2018) on paramagnetic CeCo3 finds that Magnesium alloying induces a ferromagnetic transition with intrinsic properties large enough for permanent magnet applications. Here we explain these surprising results via a first principles study of the electronic structure and magnetism of Magnesium-alloyed CeCo3. We find the origin of this Magnesium-induced ferromagnetic transition to be Stoner physics -the substantial increase in the Fermi-level density-of-states N (EF ) with Mg alloying. Our calculations suggest that both Ce and Co atoms are important for generating large magnetic anisotropy suggesting the viability of Co-3d, and Ce-4f interaction for the generation of magnetic anisotropy in magnetic materials. These results offer a new route to the discovery of ferromagnetic materials and provide fundamental insight into the magnetic properties of these alloys.
K magnetic anisotropy of 2.2 MJ/m
3 . These Curie point and anisotropy values are in the range of potential permanent magnets, although this specific material would likely require substantial further optimization for actual usage as a permanent magnet. How does adding a non-magnetic element to paramagnetic CeCo 3 yield a 450 K ferromagnet with large magnetic anisotropy?
Here, we answer this basic question. We find its resolution in Stoner physics -the substantial increase in the Fermilevel density-of-states N (E F ) with Mg alloying -and in the magnetic anisotropy of the Ce 4f and Co 3d orbitals. This study is organized as follows. First we describe the calculations methods, the essential input parameters and approximations adopted to achieve the desired numerical convergence. Next, we discuss the calculated properties of the base compound CeCo 3 , finding that the properties of CeCo 3 are sensitive to the exchange-correlation potential (Local Spin Density Approximation (LDA) or Generalized Gradient Approximation (GGA)). We then describe the magnetic properties of the Mg substituted compound (Ce 2 Co 9 Mg). We show that the experimentally observed enhancement in magnetic properties are described by the Stoner picture. The experimental results on the Mg-substituted alloys are fully corroborated by our first principles calculations, and we show that a similar enhancement in magnetic properties arises from alloying with Ca. Finally we show that these and related results [28] on Mg-alloyed NdCo 3 and other ferromagnets open a new pathway for the development of high performance magnets.
II. THEORETICAL METHODS
The calculations were performed by using the all electron density functional code WIEN2K [29] at the experimental lattice parameters [25] , which are listed in Table I . The internal coordinates were relaxed until forces on all the atoms were less than 1 mRyd/Bohr. Muffin tin sphere radii of 2.5 for Ce, 2.2 for Co, and 2.1 for Mg were used. For good basis set convergence, a RK max value of 7.0 was used. The magnetic anisotropy energy (MAE) is obtained by calculating the total energies of the system with spin orbit coupling (a)
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Co-18h (SOC) as K 1 = E a − E c , where E a and E c are the total energies for the magnetization oriented along the in-plane [110] and out-of-plane[111] directions. For the structure relaxation 1000 k-points were used in the full Brillouin zone. MAE as a small quantity (of the order of meV), can sensitively depend on the number of k-points used. The difference in MAE calculated using 6000 and 4000 k-points was less than 4 % and all the MAE results reported here use 4000 k-points.
The convergence of MAE with respect to k-points is discussed in the Appendix. The accurate calculation of MAE for rare earth transition metal complexes within the conventional LDA/GGA framework is challenging. Within these DFT approaches the partially filled rare earth f states are pinned at the Fermi level, which results in incorrect properties. This problem can be remedied by treating the f electrons as unhybridized core states (the open core approximation [30] ). However this approximation often results in the wrong value of the MAE [31, 32] . Another approach is to consider f electrons as valence electrons and introduce Hubbard U correction to the f orbitals which splits the f bands into lower and upper Hubbard bands. This is known as the LDA+U approach and we follow this approach here. Here, LDA+U corrections were included for the Ce 4f orbitals using the self interaction correction (SIC) [33] [34] [35] [36] for the double-counting correction. In all the calculations Hund s coupling parameter J was set to 0 eV. As the Co states in Ce 2 Co 9 Mg are not localized, a U correction was not used for Co sites. As discussed in the following sections, introducing a U for Ce f orbitals is crucial in the prediction of the correct magnetic anisotropy and orbital moments. We find that MAE calculated with U = 1.5 eV is in good agreement with experiments.
III. RESULTS AND DISCUSSIONS

A. Properties of CeCo3
The unit cell and primitive cell (used in our simulations) are shown in Figures 1 (a) and (b) . CeCo 3 crystallizes in a rhombohedral structure with space group R-3m. In this structure Co atom has three independent sites namely 3b, 6c, and 18h, whereas Ce atom has two independent site (3a, and 6c). As shown in Figure 1 both Ce sites has different arrangement of nearest neighbors. While Ce-3a site is surrounded by six Co-6c (first nearest) and twelve Co-18h (second nearest) neighbors, the Ce-6c site has six first nearest (Co-18h) and only three (Co-3b) second nearest neighbors. Numerous prior studies [37] [38] [39] [40] [41] on the weak itinerant magnetic systems have shown that the choice of functional can be very important in predicting the correct magnetic ground state. Hence, first a comparative analysis of LDA and GGA functional for CeCo 3 was performed. These results are discussed in the Appendix Figure 7 . While both LDA and GGA calculations favor a ferromagnetic state, at experimental lattice parameters within LDA, the energy difference between ferromagnetic and non-magnetic state (E FM − E NM ) is only −1.9 meV on per Co basis. On the other hand within GGA this difference is about −21 meV per Co atom. This result is consistent with the well-known tendency of the GGA to exhibit stronger magnetic instabilities then the LDA. Also the Co magnetic moment calculated at experimental lattice parameters within LDA (0.33 µ B ) and GGA (0.99 µ B ) functionals are very different. Experimentally CeCo 3 is often characterized as Pauli paramagnetic [25, 42] , although there is older literature [43] finding evidence for magnetic character in CeCo 3 . This suggests that CeCo 3 is at or near a magnetic instability, which is better represented in this case by the LDA approach, with its much smaller magnetic energy (−1.9 meV/Co). Unless otherwise stated, all the calculations presented in the following sections are therefore performed using the LDA at the experimental lattice constants from Ref. [25] .
B. Effect of Mg substitution on magnetic properties of CeCo3
As mentioned previously, the primary question that theory should answer is how Mg alloying transforms the Pauli paramagnet CeCo 3 into a ferromagnet with properties -T c of 450 K and a low-temperature anisotropy field of 10 T -comparable to those of known permanent magnets. The basic reason for this behavior can in fact be seen from Figure 2 . There we plot the calculated non-magnetic density-of-states (DOS) of the base compound CeCo 3 , calculated within the LDA approximation. For simplicity, in this calculation we omit spinorbit coupling and the Hubbard U which will play an important role in detailed comparison with experiment later. The plot depicts the calculated DOS in a narrow window around the Fermi level (E F ) (main plot) and for several eV around E F in the inset. From the inset we see two main features -the large Ce peak (in blue), from the unoccupied localized 4f states, centered around 1 eV above E F , and the Co DOS, mainly from −4 eV to +1 eV (in red). The Co DOS provides the majority of the spectral weight around E F , suggesting the Co as being the "driving force" for magnetism in the Ce 3−x Mg x Co 9 alloy system. In the main plot we see that for energies below the E F , the DOS increases rapidly, both for the total and for the Co. Indeed, at an energy 0.18 eV below E F , the values for these quantities are nearly 1.5 times higher than the Fermi-level values of 19.0 and 15.3 per eV-unit cell (note that the primitive cell contains 9 Co, or 3 formula units). This immediately suggests that "hole-doping" (borrowing a term from semiconductor physics) will tend to increase the Fermi-level DOS. Now, the Stoner criterion [45] states that a ferromagnetic instability occurs when the condition IN (E F ) > 1 is fulfilled. Here I is the Stoner parameter, which we compute by calculating average exchange splitting (∆E ex ) and by using the relation ∆E ex = Im avg [46] . Here m avg is the average magnetic moment of Co atom in CeCo 3 . We find I as 0.56 eV, which is quite close to 0.49 eV value for elemental Co [47] . Additional details involving the calculation of I are listed in the Appendix. For our purposes N (E F ) should be understood as the total Co DOS, on a per Co basis. Hence hole doping should be understood as likely to render CeCo 3 more magnetic.
Our calculations find the valency of Ce in CeCo 3 to be dependent on the approximation used (see Figure8 and corresponding discussion in the Appendix). This may originate in valence fluctuations, although a detailed discussion of this issue is beyond the scope of this paper. Such valence fluctuations do occur in rare-earth compounds [48] [49] [50] [51] [52] [53] [54] [55] . In our conventional LDA (without SOC and without U) calculations Ce in CeCo 3 is tetravalent, which is consistent with the experimentally observed non-magnetic behavior, while Mg is nearly universally in a +2 charge state. Therefore, Mg donates 2 less electrons to the bands than Ce, and thus tends to result in effective "hole doping", an increase in Fermi-level DOS, and thereby an increase in ferromagnetic behavior, consistent with experiment. For CeCo 3 the total Co-non spin-polarized N(E F ) is 15.7 states/eV-unit cell or 1.7 states/eV on per Co atom basis, indicating that the Stoner criterion (taking I as ∼ 0.56 eV as described in the Appendix) is very nearly satisfied (IN (E F ) ∼ 0.98). On the other at 0.18 eV below the Fermi level the Stoner criterion (IN (E F ) ∼ 1.47) is clearly fulfilled.
The previous analysis is done within a "rigid-band" picture, in which the primary effect of Mg alloying is a reduction in the Fermi energy. However, one should not thereby argue that correlations are unimportant in this system -we will see that they are indeed important in generating magnetic anisotropy. However, the correlations here generally apply to the Ce atom, not to the Co atom. As in many rare-earth magnets, it is the 3d (in this case Co) atoms which are generally driving the magnetic instability.
C. Magnetic properties of Ce2Co9Mg
As discussed in the previous section based on electronic structure and Stoner theory analysis, the observed ferromagnetism in CeCo 3 upon Mg substitution can be explained based on Stoner physics. Next we calculate magnetic properties of Ce 2 Co 9 Mg. We begin with identifying the proper ground state structure for Ce 2 Co 9 Mg. The recent experimental efforts [25] conclude that Mg alloying in CeCo 3 prefers to occupy Ce-6c site and structure maintains its rhombohedral symmetry. To mimic such a structure Mg atoms were substituted in 50-50 fashion among six available Ce-6c sites in the 36 atom unit cell. These configurations are presented in Figure 3 (a). All three structures were relaxed to their ground state by minimizing the total forces. While for configuration 1 and configuration 2 the rhombohedral symmetry is broken and structure transform into a less symmetry trigonal cell (with space group P3m1), the configuration 3 maintains its rhombohedral symmetry (space group R-3m). Energetically we find configuration 3 to be most stable, whereas configuration 1 and 2 are higher in energy (unstable) by only 8.3 meV relative to configuration 3. To make sure that the calculated magnetic properties are independent of the configuration used, we next compare their density of states (DOS) near the Fermi level, which is shown in Figure 3 (b) . We find that the DOS of all three configurations are nearly identical. As the magnetic properties and MAE are dependent on the behavior of DOS in the vicinity of Fermi level, the nearly similar DOS implies that the calculated magnetic proprieties should be independent of configuration used. Also, as the experimental study finds the structure to be rhombohedral, configuration 3 was used in all the calculations for Ce 2 Co 9 Mg.
In order to predict the accurate magnetic ground state of Ce 2 Co 9 Mg various collinear spin configurations with different spin arrangement of Co atoms were considered. Nearly all of the configurations (with the exception of the ferrimagnetic state shown in Table II ) converged to the stable ferromagnetic state. As observed in the experimental measurements we find a ferromagnetic behavior in Ce 2 MgCo 9 , with a calculated average magnetic moment of 1.18 µ B per Co as shown in Table I. This includes an average orbital moment of ∼ 0.09 µ B on the Co site. As can be seen from Table I compared to base compound CeCo 3 , upon Mg alloying (Ce 2 Co 9 Mg) the magnetic moment on Co site is enhanced by more than 3.5 times. Due to different site symmetry the Ce sites has different orbital moments of 0.20 µ B for Ce-3a and 0.16 µ B for Ce-6c sites. Upon introducing a Hubbard U the Ce orbital moment increases and for U = 1.5 it becomes 0.27 µ B for Ce-3a and 0.19 µ B for Ce-6c sites. U dependence of Ce orbital moment is discussed in the next section. As expected Ce atoms prefers to be anti-aligned with respect to Co with an average magnetic moment (including average orbital moment of 0.23 µ B ) of −0.28 µ B per Ce atom. This is similar to numerous other rare-earth magnet results [56, 57] . The calculated total magnetic moment of 10.04 µ B per formula unit is in fair agreement with the 50 K experimental value of ∼ 8.0 µ B . For Ce 1.67 Mg 1.33 Co 9 , this deviation in the predicted magnetic moment can be explained with the decreasing trend of saturation moment of Ce 3−x Mg x Co 9 samples higher than x = 1.11 as discussed in Ref. [25] . We present the density of states (DOS) in Figure 4 . The magnetic moments on Co sites are somewhat lower than that observed in SmCo 5 and YCo 5 [58, 59] (1.51 µ B per Co). This is also corroborated by the DOS plot where the spin up DOS is substantially lower than the spin down DOS around E F , reducing the magnetic moment. The enhanced (× 15) Mg DOS is also shown in Figure 4 (b) . Although contribution on Mg DOS at Fermi level is small, there is some hybridization present with the neighboring Co and Ce atoms particularly in the majority spin channel. The Mg-s states hybridize strongly with neighboring Co atoms at around −4 eV below the Fermi level. Both Ce sites has large DOS above the Fermi level. The enlarged Ce DOS in the vicinity of Fermi level is shown in the inset of Figure 4 . In the minority spin channel the Ce-3a site has relatively larger DOS, which is consistent with the higher calculated magnetic moment. As explained before, alloying with Mg results in enhancement of Co-DOS in the vicinity of Fermi level, improving the magnetic properties as well the Co moments. We examine the spin and orbital character of the orbitals near the Fermi level [60] [61] [62] [63] . It is well-known that the magnetocrystalline anisotropy arises under the influence of spinorbit coupling, and may be expressed as a second-order perturbative interaction between occupied and unoccupied states. Also as shown by Schilfgaarde et.al. [62] , intra m transitions between the same (different) spin channel favor easy axis (planar) anisotropy, and inter m transitions between the same (different) spin channel favor planar (easy-axis) anisotropy. The scalar-relativistic partial densities of states (PDOS) projected on the various non equivalent Co sites are shown in Figure 5 . Figure 5 by red, blue, and black (gray filled) lines respectively. In this plot we use the LDA, without spin-orbit or a Ce U. Notably, all the d orbitals hybridize with the neighboring atoms and overall, the DOS exhibits broad bandwidth (atomic like narrower bands are not present). As expected for all three non equivalent Co sites has large DOS in the majority spin channel just below the Fermi level, but very small DOS at the Fermi level itself. In particular for Co-3b and Co-6c sites contribution from d xz |d yz orbitals (m = ±1) dominates, while for Co-18h significant contribution from d x 2 −y 2 |d xy orbitals is also present. The minority spin channel show significant DOS at and around the Fermi level for all three Co sites. Highest contribution from d x 2 −y 2 |d xy along with d z 2 for Co3b, from d x 2 −y 2 |d xy and d xz |d yz for Co-6c, and from d xz |d yz and d x 2 −y 2 |d xy for Co-18h can be seen. Overall a complex behavior is observed, making a quantitative analysis of the origin of the MAE difficult. As described later, this difficulty is compounded by the substantial dependence of the calculated MAE on the value of U assumed for Ce. What we can say is that multiple Co orbitals contribute to the magnetic behavior, likely including the MAE, in a manner specific to each distinct site, with the magnetic properties of the Co atoms substantially impacted by a large spin-down DOS near E F .
D. Magnetic anisotropy energy for Ce2Co9Mg
Next we calculate MAE for Ce 2 Co 9 Mg, which are tabulated in Table I . First a calculation without including a Hubbard U parameter was performed. MAE calculated without including U at Ce site is about 0.46 MJ/m 3 much smaller than the experimental K 1 value of 2.2 MJ/m 3 . This suggests that to improve the agreement between theory and experiments a correlated approach is necessary. The dependence of MAE on the U-parameter is shown in Figure 6 (a). We find from LDA+U+SOC calculations that the MAE is sensitive to the U parameter used, and increases to 2.10 MJ/m 3 (2.25 meV/f.u) at U = 1.5 eV. This is in good agreement with the experimental value of 2.2 MJ/m 3 . This is a somewhat smaller U value than typically taken for Ce, and for more typically employed values of U (3 or 4 eV) one finds very different values of the MAE, with the MAE even becoming negative for U past 3.5 eV. The strong dependence of MAE on U argues for the relevance of correlations in treating Ce here, and for the importance of Ce in generating magnetic anisotropy. To further show the importance Ce-4f states for generating MAE, we also calculated MAE by treating Ce-f states as core electrons (known as open-core approximation). As shown in Table I 3 ) implying that Ce-f valence electrons play an important role in magnetic properties of Ce 2 Co 9 Mg. The MAE can also be correlated to the anisotropy of orbital moments by following the Bruno s relation [64] MAE = j λ j ∆L j ·S j . Here λ j , ∆L j , and S j refer to the spin orbital coupling constant, anisotropy of orbital moments, and spin moment of atomic species j.
The dependence of orbital momentum anisotropy (∆L) on U value for non-equivalent Ce sites is shown in Figure 6 (b). ∆L is computed by taking by taking the difference between orbital moments along out-of-plane [111] direction and inplane [110] direction. We find that Ce-3a and Ce-6c site exhibit very different orbital moment dependence on U. At U = 0 both sites have nearly the same ∆L. While for a U value in between 0 and 2 eV, the Ce-3a site exhibits higher orbital moment along out-of-plane direction and ∆L is positive, it becomes negative as U becomes larger than 2 eV. The situation is rather different for Ce-6c site, and for all the U values investigated here ∆L remains positive and exhibits relatively much weaker dependence on U. This different orbital moment for different Ce sites suggest that the role of Ce in generating MAE for this compound is rather complex and site-specific. The U dependence of average Ce ∆L avg is also shown in Figure 6 (b) . Due to its large ∆L the trend of ∆L avg is governed by Ce-3a site. For the most part the MAE follows the Bruno s relation and can be (qualitatively) explained by the trend in of ∆L, with the only exception to this at U = 3 eV. While the strength of SOC for 4f rare earths electrons is approximately 0.5 eV, for 3d transition metals it is an order of magnitude, or more smaller. This together with our calculated ∆L Ce = 0.060 µ B (at U = 1.5 eV) and ∆L Co = 0.009 µ B , indicates that the majority of MAE should originate from Ce atoms. Usually the individual atomic contribution to the MAE can also be quantified by selectively switching off the SOC on the different atomic sites. However for Ce 2 Co 9 Mg such an analysis does not give consistent results and the total MAE calculated by adding the contribution from individual atomic sites is 60% larger than the actual MAE (obtained by applying SOC at both Ce and Co sites simultaneously). This difference suggests that the analyzing the atomic origin of the MAE in this compound is far more complicated and considering cross Ce-Co spin orbit coupling terms may be essential. Nonetheless, while given their great spectral weight near E F in Figure 2 it is the Co atoms that drive the magnetic instability, both Co and Ce atoms may well be important for the MAE.
E. Effect of Mg alloying on Curie point
Perhaps the most remarkable observation of the recent experimental measurements [25] is the considerable increase in Curie temperature of CeCo 3 by alloying with Mg. Generally, for a local-moment ferromagnetic system, the Curie temperature may be estimated by the energy difference (∆E = E AF − E FM ) between an antiferromagnetic structure (AF) where the nearest-neighbors of all Co atoms are anti-aligned and the ferromagnetic (FM) ground state. While the rhombohedral structure leads to a magnetic frustration that prohibits such an arrangement, we have constructed a ferrimagnetic (FI) configuration that achieves the same basic purpose, and is described in the inset of Table II for Ce 2 Co 9 Mg. In the mean-field local moment approximation the Curie temperature can then be estimated as one third of this energy difference, measured on a per Co basis. To quantify the effect of Mg on Curie point, in addition to CeCo 3 and Ce 2 MgCo 9 , we also study CeMg 2 Co 9 (obtained by replacing a Ce by Mg in Ce 2 MgCo 9 ). The resulting energy difference between FI structure and FM structure is listed in Table II . In these calculations we include spin-orbit coupling and a Hubbard U. For CeCo 3 we could not stabilize any of the FI structures, and the reported energy difference is simply between the FM and the non magnetic (NM) structure. This may suggest some degree of itinerancy in the CeCo 3 -based magnetic materials. Figure 1 . The calculated energy difference between (∆ E) between the FI state and FM state on per Co atom basis. The calculated mean field Curie temperature (∆E/3) are also shown.
FM FI
System ∆ E (meV/Co) TC (K) As shown in Table II for CeCo 3 , the NM state is 1.9 meV/Co above the FM ground state resulting in a Curie temperature estimate of approximately 7 K. With introducing one Mg at Ce site (Ce 2 MgCo 9 ) the energy difference between FM and FI state is 54.8 meV/Co which is nearly 27 times higher than the base compound CeCo 3 . Finally on adding an additional Mg (CeMg 2 Co 9 ) the difference between FM and FI states is 87.8 meV/Co, which is 44 and 1.6 times higher than ∆E for CeCo 3 and Ce 2 MgCo 9 , respectively. This analysis shows that upon Mg alloying in CeCo 3 , the magnitude of the ∆E increases drastically. This suggests that the mean field J parameters should increase in Ce 3−x Mg x Co 9 as x is increased which would result in enhanced Curie temperature. This is in agreement with recent experimental results [25] , which also find a manifold increase in Curie temperature with Mg alloying. It is important to mention that, generally mean field theory is not immediately applicable to magnets with some degree of itinerant character. As these CeCo 3 -based magnets exhibit some degree of itinerancy, the actual theoretical values of the Curie point from a local moment approximation may be underestimated. Note that these results only provide an estimate of the ordering point, and for more accuracy Monte Carlo calculations such as atomic spin dynamics [65] [66] [67] may be necessary.
IV. CONCLUSION
Motivated by a recent experimental study [25] we have carried out first principles calculations to understand the remarkable transformation of paramagnetic CeCo 3 by Mg alloying into a material with magnetic properties (including large magnetization, Curie point, and magnetic anisotropy) comparable to those of a potential permanent magnet. We find this transformation to result from a combination of Stoner physics and the magnetic anisotropy of the Ce and Co atoms.
While the specific physics of this transformation is relatively particular to this compound, the general behavior exhibited here -the metamorphosis of an initially unpromising material into a potential permanent magnet via a simple alloying strategy -is in fact an underappreciated and powerful method for the production of permanent magnet materials. For example, the sister compound NdCo 3 [25, 28] shows a large enhancement in its Curie point from 381 K for the base compound to 633 K for Nd 2 MgCo 9 . Similarly, the low Curie point (216 K [68] ) of Fe 2 P, which has a favorably large magnetic anisotropy of 2.3 MJ/m 3 , increases to nearly 700 K via the simple substitution [69] of 40 atomic percent of Phosphorus by Silicon. And our own first principles calculations [70] find that alloying of the low Curie point, low magnetization ferrimagnet Fe 2 Ta by Hafnium yields a potential permanent magnet material with a magnetic anisotropy exceeding 2 MJ/m 3 . The point of all these results is that there are likely many potential permanent magnet materials hidden in the guise of compounds that do not appear favorable for these applications, but can in fact be made so by a simple alloying strategy. In fact this approach, based on different physics, has also been used to make thermoelectric materials, based on Si-Ge alloys, sufficiently useful to power the Voyager spacecraft, despite the unfavorably large thermal conductivity of both Silicon and Germanium. While such a strategy, applied to magnetic materials, may not ultimately yield a magnet as powerful as those based on Nd 2 Fe 14 B, it should produce a number of "gap magnets" [71] , which may well fill in the substantial performance gap (measured as energy product BH max ) between non-rareearth magnets such as Alnico and ferrite, and the rare-earth magnets SmCo 5 and Nd 2 Fe 14 B. Such magnets will likely be of great utility to modern society considering the continuing worldwide industrialization and movement towards clean energy technologies such as electric vehicles and wind turbines, which often use such magnets. The reported lattice parameters for CeCo 3 reported within the Inorganic Crystal Structure Database (ICSD) vary by about 4 %. Hence volume may play some role in determining the ground state of CeCo 3 . To check the volume dependence of magnetic properties for CeCo 3 total energy and magnetic moments were computed as function of lattice constant within both LDA and GGA functionals. These results are shown in Figure 7 . Figure 7 shows that both LDA and GGA calculation find CeCo 3 to be close to a magnetic instability. While both LDA and GGA calculations favor a ferromagnetic state, at experimental lattice parameters within LDA the energy difference between ferromagnetic and non-magnetic state (E FM − E NM ) is only −1.9 meV on per Co basis. On the other hand within GGA this difference is about −21 meV per Co atom. For CeCo 3 the lattice parameters optimized within GGA (a = 4.91Å, c = 25.09Å) are in good agreement with experimental lattice parameters, whereas LDA underestimates the lattice parameters (a = 4.85Å, c = 24.42Å). Figure 7 (a) and (b) also shows the behavior of the magnetic moments (plotted on right y axis) in CeCo 3 as a function of volume. Both LDA and GGA curves show the expected increase in magnetic moments with increasing cell volume. One striking difference between LDA and GGA functional is the huge difference in calculated magnetization. At GGA optimized volume the total spin moment in the unit cell is 2.1 µ B on per formula unit basis, whereas with LDA a relatively smaller moment of 0.55 µ B on per formula unit basis is observed. This is agreement with previous studies on weak itinerant magnets [38] [39] [40] [41] where GGA is shown to overestimate the magnetic moments. Experimentally CeCo 3 is often characterized as Pauli paramagnetic [25, 42] which is better captured in this case by the LDA functional. For Ce 2 Co 9 Mg both LDA and GGA functional give consistent results. At experimental lattice parameters with LDA functional we find total magnetic moment and MAE of 10.04 µ B , and 0.48 MJ/m 3 , respectively. These are in good agreement with the total magnetic moment and MAE of 10.9 µ B and MAE of 0.47 MJ/m 3 calculated within GGA. Again all the calculations presented in the main text are done within LDA.
B. Determination of Stoner parameter (I)
The exchange splitting for CeCo 3 depends sensitively on the k-vector, therefore here we calculate average exchange splitting (∆E ex ) which can be defined as difference of spinup and spin-down eigenvalues in the corresponding bands [72, 73] . This gives us a value of about 0.185 eV. Now Stoner parameter can be calculated by using the relation ∆E ex = Im avg [46] . Here m avg is the avergae Co moment on per Co basis which is about 0.33 µ B for CeCo 3 . This gives us I as 0.56 eV, which is very close to the value (0.49 eV) for elemental Co [47] .
C. Convergence of MAE for Ce2Co9Mg
Convergence of MAE with respect to number of k-points for Ce 2 Co 9 Mg is shown in Table III . MAE is calculated by subtracting total energies along in-plane [110] and out-ofplane [111] direction. For comparison both LDA+SOC, and LDA+SOC+U calculations are shown. Positive value of MAE indicates uni-axial anisotropy. MAE changes by less than 4% on going from 4000 k-points to 6000 k-point. All the calculation presented in the main text are done by using 4000 reducible k-points. [18, [49] [50] [51] 54] . The Ce valence can be further altered by doping [74] , alloying [22, 75] , hydrogenation [76, 77] etc. Our calculations find the valency of Ce in CeCo 3 to be dependent on the approximation used. For calculations without a U, as shown in inset of Figure 8 the localized Ce 4f states fall above the Fermi level (filled gray line), indicating tetravalency, while for the U value of 1.5 eV used here for Ce in CeCo 3 some of these states fall below E F indicating trivalency. Although this does not confirm the occurrence of valence fluctuations in these compounds, the calculated magnetic properties seems to suggest possibility of mixed valency. For instant the MAE of Ce 2 Co 9 Mg by considering Ce-f valence electrons as core states is very small (0.22 MJ/m 3 ), suggesting that Ce f valence electrons are important for magnetic properties. Therefore, within our study the Ce f -states are included as valence states, and calculated magnetic properties are in good agreement with experiments. 
